The tensile and fatigue fracture behavior of Zr 59 Cu 20 Al 10 Ni 8 Ti 3 bulk metallic glass was investigated. It was found that under tensile load the metallic glass always displays brittle shear fracture and the shear fracture plane makes an angle of T ‫)°45ס(‬ with respect to the stress axis, which obviously deviates from the maximum shear stress plane (45°). Under cyclic tension-tension loading, fatigue cracks first initiate along the localized shear bands on the specimen surface, then propagate along a plane basically perpendicular to the stress axis. Tensile fracture surface observations reveal that fracture first originates from some cores, then propagates in a radiate mode, leading to the formation of a veinlike structure and final failure. The fatigue fracture processes of the specimens undergo a propagation stage of fatigue cracks followed by catastrophic failure. Based on these results, a tensile fracture criterion for bulk metallic glasses is proposed by taking the effect of normal stress into account. It is suggested that both normal and shear stresses affect the fracture process of metallic glasses and cause the deviation of the fracture angle away from 45°.
I. INTRODUCTION
Bulk metallic glasses (BMGs) have a unique combination of properties that makes them potentially attractive structural materials; 1,2 however, the high strength of BMGs is often accompanied by remarkably little plastic deformation. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] To improve the mechanical properties of BMGs, several efforts have been made by different approaches, such as precipitation of nanoscale particles by partial crystallization [13] [14] [15] and homogenous dispersion of insoluble particles or fibers as reinforcements. [16] [17] [18] Another recently developed technique is to precipitate dendritic crystals in situ, which results in ductile BMG composites containing microsized particles. 19, 20 New BMG composites containing different reinforcements are being investigated and developed for potential industrial application.
On the other hand, for the fabrication of the BMGs with excellent performance, it is necessary to reveal their basic deformation and fracture mechanisms. As is known, in crystalline materials, slipping, shearing, kinking, and twinning are important plastic deformation modes, 21 and the yielding of most single crystals often follows the Schmid law. In general, single crystals will slide along the slip system with the largest Schmid factor; therefore the yield stress, the angle between slip bands and the stress axis can be calculated from the orientation of the single crystal. For metallic glasses, their plastic deformation mainly localized in narrow shear bands, followed by the rapid propagation of those shear bands and sudden fracture. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It is widely noted that under compressive loading, metallic glasses often fracture along the localized shear bands and the fracture angle C between the compressive axis and the shear plane is smaller than 45°(about 42°). [10] [11] [12] [22] [23] [24] [25] [26] Under tensile load, however, the tensile fracture angle T between the tensile axis and the shear plane is in general larger than 45°. In most cases, T is in the range of 51-60°, and the average value is about 56°. 5, [22] [23] [24] [25] [26] [27] [28] This indicates that there is no definite shear plane as in crystalline materials for the formation of shear bands in metallic glasses. Also, the deformation and fracture of metallic glasses does not occur along the maximum shear stress plane no matter whether the glass is under tensile or compressive loading.
Among the mechanical properties of metallic glasses, the fatigue behavior has received less attention and is poorly understood. [29] [30] [31] [32] [33] [34] [35] [36] [37] Recently, fatigue behavior of several metallic glasses was preliminarily investigated, however, the basic fatigue damage mechanism was not considered in those experiments. [29] [30] [31] [32] [33] [34] [35] [36] [37] Accordingly, the difference in the fatigue cracking mechanisms between metallic polycrystals and amorphous materials is not yet clear. For example, it is well known that fatigue cracks can nucleate along persistent slip bands (PSBs) 38, 39 or deformation bands 40, 41 in fatigued single crystals. For bicrystals and polycrystals, grain boundaries are the preferential sites for the nucleation of fatigue cracks due to the piling-up of dislocations at the grain boundaries. [42] [43] [44] It is known that metallic glasses possess a high yield and fracture strength (approximately 1.5-2.0 GPa). The applied stress during cyclic deformation is generally far below their fracture strength; 29, 31, [35] [36] [37] however, it is not clear whether shear bands form during cyclic deformation of metallic glasses at a low stress level. Another interesting question is where fatigue damage in metallic glasses nucleates because there are no grain boundaries in amorphous materials. Therefore, in the present work, we attempted to study the basic deformation and fracture mechanism of metallic glasses through tensile and fatigue tests of a Zr 59 Cu 20 Al 10 Ni 8 Ti 3 bulk metallic glass.
II. EXPERIMENTAL
Master ingots with composition Zr 59 Cu 20 Al 10 Ni 8 Ti 3 were prepared by arc-melting elemental Zr, Cu, Al, Ni, and Ti with a purity of 99.9% or better in a Ti-gettered argon atmosphere. Subsequently, the master ingots were remelted several times to achieve homogeneity, followed by casting into a copper mold with dimensions of 40 × 30 × 1.8 mm. The amorphous structure of the samples was verified by standard x-ray diffraction (XRD; Philips PW1050 diffractometer using Co K ␣ radiation). As shown in Fig. 1 , the samples show only broad diffraction maxima, and no peaks of any crystalline phase can be seen, revealing the amorphous structure of the samples. Tensile and fatigue specimens with a total length of 40 mm were machined from the plates and polished to produce a mirror surface. The final gauge dimension for all the specimens is about 6 × 3 × 1.5 mm. Tensile deformation was conducted in a strain rate range of 3 × 10 −5 to 3 × 10 −2 s −1 with an Instron 4466 testing machine at room temperature. Cyclic tension-tension tests were performed under stress control. The ratio of the maximum tensile stress max to the tensile fracture stress F was in the range of 0.5-0.8 at a constant stress ratio R ‫ס‬ min / max ‫ס‬ 0.1. A triangle wave with a frequency of 1 Hz was used for all the fatigue tests. After fracture, all the specimens were investigated with a JEOL JSM 6400 scanning electron microscrope (SEM) and an optical microscope (OM) to reveal the fracture surface morphology.
III. RESULTS
A. Tensile stress-strain curves Figure 2 shows the stress-strain curves of the glassy specimens obtained at different strain rates. All the specimens display only elastic deformation behavior and subsequent catastrophic fracture without yielding. For better visibility, the curves are shifted along the strain axis. The fracture stress F of the four specimens nearly has the same value of 1.58 ± 0.02 GPa, independent of the applied strain rate. The Young's modulus is 91.1 ± 1.8 GPa, and the total strain before failure is about 1.8%. These results agree well with the literature data reported for Zr-Cu-Al-Ni-Ti glasses. 45 The independence of the fracture stress on the strain rate was also observed for other metallic glasses.
28,46 Figure 3 shows the dependence of fracture stress F on the applied strain rate for the present alloy as well as Pd 40 28, 46 For the three metallic glasses, the tensile fracture stress is always constant for different strain rates. This indicates that the fracture strength of these metallic glasses is insensitive to the applied strain rate. Figure 4 gives the fatigue life curves of the present alloy and Zr 55 Cu 30 31 Thus, at the present stress ratio R ‫ס‬ 0.1, the cyclic stress amplitude a ‫ס‬ ( max − min )/2 is obviously higher than that under R ‫ס‬ 0.5 for the same maximum stress max . Another feature of Fig. 4 is that, in the range of max / F ‫ס‬ 0.5 to 0.8, the value of log (N f ) nearly decreases linearly with increasing max / F . The corresponding fatigue life N f for the two metallic glasses is in the range of 10 3 to 10 4 , which is a typical low-cycle-fatigue (LCF) life range for crystalline materials. As is well known for crystalline materials, the LCF damage mechanism will mainly be controlled by the plastic deformation. 47 However, for metallic glasses, the LCF damage mechanism is still unclear [29] [30] [31] [32] [33] [34] [35] [36] [37] and will be discussed in the following sections.
B. Fatigue life curves

C. Tensile fracture surface observations
OM and SEM observations show that all the tensile specimens fractured in a shear mode, as shown in Fig. 5(a) . The formation and propagation of one major shear band dominates the fracture process. The fracture surface is very smooth and a veinlike morphology can be easily seen [ Fig. 5(b) ], similar to what was observed for other metallic glasses. [24] [25] [26] [27] The shear fracture surface makes an angle T with respect to the stress axis on one surface; however, it is perpendicular to the stress axis on the adjacent surface. Therefore, the tensile fracture angle T between the tensile axis and the fracture plane can be readily measured on the surface of the specimen, as marked in Fig. 5(a) . The tensile fracture angle T of the present glass is equal to 54°, rather than 45°. This result is consistent with previous observations for the other metallic glasses under tensile deformation. 5, [22] [23] [24] [25] [26] [27] [28] For comparison, all the available results about T are listed in Table I . It can be seen that, in general, T is in the range of 53-65°for different metallic glasses, which deviates from the maximum shear stress plane. Therefore, it can be concluded that the tensile deformation behavior of metallic glasses should not follow the von Mises criterion, 11 and a new deformation mechanism must play an important role in the fracture process of metallic glasses.
Further observations show that the morphology on the tensile fracture surface is quite peculiar in comparison with that on the compressive fracture surfaces. Besides the veinlike structure on the tensile fracture surface, there are many cores with different diameters, as shown in Figs. 5(c)-5(f). However, these cores were never previously mentioned in detail for metallic glasses subjected to tensile deformation. There are some similar features appearing on tensile fracture surfaces, such as given in Ref. 5 (Figs. 8 and 13 ), Ref. 28 (Fig. 5) , and Ref. 48 (Fig. 8) . All the micrographs demonstrate that the cores coexist with the veins and all the veins radiate away from these cores. In the region of the cores, the fracture seems to take place in a normal fracture mode, rather than a pure shear mode. The present fracture feature is distinctly different from that on the compressive fracture surface of metallic glasses since the vein always arranges nearly along the same direction, showing a pure shear fracture feature. This indicates the loading modes strongly affect the fracture mechanism of metallic glasses. For better understanding the formation mechanism of these cores, the tensile fracture surface will be further investigated by transmission electron microscopy as observed by Gao et al., 49 and the corresponding results will be reported elsewhere.
D. Fatigue fracture surface observations
Figure 6(a) shows the fatigue fracture surface of the metallic glass specimen at max / F ‫ס‬ 0.6. The whole fatigue fracture surface is somewhat rough in comparison with the tensile fracture surface. The fracture surface is basically perpendicular to, rather than inclined to, the loading direction. At one corner of the specimen (marked by A), a fatigue crack originates and propagates towards the opposite corner. The propagation path of the fatigue crack is roughly perpendicular to the stress axis and the propagation region is relatively flat, as marked in region B. Besides the propagation region, the other part of the fracture surface corresponds to the final fast fracture region of the specimen, which shows a shear plane tilted to the stress axis, as marked by C. A similar fatigue fracture behavior was also observed in other fatigued metallic glasses. 29, 31, 34, 35 Figure 6 (b) demonstrates several shear bands with different angles to the stress axis on the specimen surface, indicating that shear bands have formed during cyclic deformation even though the applied maximum tensile stress max is obviously lower than the tensile fracture stress F . This result proves that the stress for formation of shear bands in metallic glass is lower than the fracture stress during cyclic loading. A similar feature was also observed for Zr 57 Cu 20 Al 10 Ni 8 Ti 5 metallic glass during bending. 49 However, it is worth noting that shear bands did not transfer through the whole section of the specimen but terminated at a certain distance from the surface. Besides the primary shear bands, some secondary shear bands originated from the primary shear bands. Both primary and secondary shear bands are not straight. This deformation feature is quite different from the slip bands in crystalline materials, which have a strict crystallographic plane. The shear deformation feature in metallic glasses should be attributed to its amorphous structure. With further cyclic deformation, some of the shear bands develop into a fatigue crack, as shown in Fig. 6(c) . Initially, the fatigue crack propagates along the shear bands, then proceeds along a plane basically perpendicular to the loading direction, resulting in a fatigue fractography, as shown in Fig. 6(a) . When the fatiguecrack propagation region is observed, one can see that the fracture surface morphology is similar to the fatigue striations in fatigued crystalline materials, 47 as shown in Figs. 6(d) and 6(e). However, this fracture feature is quite different from that observed on the tensile fracture surface in Figs. 5(b)-5(f). On the fatigue fractography, there is no indication for a vein-like structure, induced by the rapid fracture process. 27 This reveals a significant difference between tensile and fatigue fracture mechanisms. At the end of the propagation region, there is a distinct boundary between the two regions, as shown in Fig. 6(f) . The final fracture surface shows a clear veinlike structure, which is identical with the tensile fracture surface.
IV. DISCUSSION
A. Tensile fracture mechanism of metallic glasses
From the above morphology, one can deduce that the fracture of metallic glass first originates from those cores induced by normal tension stress on a plane, then catastrophically propagates away from the cores in a shear mode driven by the shear stress, resulting in the formation of the radial veins on the fracture surface. Hence, we propose a new possible fracture process for the metallic glassy specimen, as illustrated in Figs. 7(a)-7(c) . Since the cores always appear on the whole fracture surface, Fig. 7(a) demonstrates the initial stage of nucleation of the cores induced by the normal tension stress . Once these cores form, they will propagate rapidly driven by the shear stress and connect with each other, as illustrated in Fig. 7(b) . Finally, the rapid propagation of the cores results in catastrophic fracture. Thus, some cores and the veinlike structure appear on the fracture surface, as illustrated in Fig. 7(c) , which is consistent with the . Therefore, it can be concluded that the fracture processes of a metallic glass subjected to tensile deformation should be controlled by both normal tension stress and the shear stress . After the nucleation of these cores, the fracture process will be mainly driven by the shear stress to produce the veinlike structure.
Since metallic glass is a homogenous material, we may assume that there are two critical fracture stresses, i.e., 0 and 0 , as illustrated in Figs. 8(a) and 8(b) . 0 can be defined as the critical normal fracture stress on any plane under the condition without shear stress; 0 can be regarded as the critical shear fracture stress on any plane under the condition without normal stress. For a given metallic glass, 0 and 0 should be constants on any plane because of the isotropic amorphous structure. Therefore, the ratio of 0 to 0 should also be a constant, i.e., ‫ס‬ 0 / 0 . Since metallic glasses have high fracture strengths F (approximately 1.5-2.0 GPa), the applied normal stress on the fracture plane is also very high (approximately 1.0 GPa) and therefore must play an important role in the fracture mechanism. The observations provide supportive evidence. The first is the deviation of the tensile fracture angle T from the maximum shear stress plane (45°) in different metallic glasses, 5, [22] [23] [24] [25] [26] [27] [28] as listed in Table I . The second is the formation of the cores on the fracture surface, as observed in Figs. 5(b)-5(f) . Therefore, if a metallic glass is subjected to a normal tension stress T on a plane, as illustrated in Fig. 8(c) , the applied stress necessary for normal fracture on this plane should be reduced to ( 0 − T ). Therefore, when metallic glass is subjected to a normal tension stress T , the applied shear stress c necessary for shear fracture along the plane should follow the equation below:
The present criterion also considers the effect of normal stress T , as the Mohr-Coulomb criterion proposed by Donvonan. 9, 11 For a glassy specimen under tensile loading, as illustrated in Fig. 9 and according to Eq. (1), the critical condition for shear fracture on the plane can be expressed as
Here, and are the normal and shear stresses on the shear plane and can be expressed as
The variation of and with the shear angle can be illustrated as in Fig. 10 . Substituting and into Eq. (2), one gets:
Since 0 and are constants, as illustrated in Fig. 10 , the critical fracture stress F should be a function of the shear angle and approaches a minimum value according to
Under this condition, metallic glasses should preferentially fracture along a favorable shear plane at the minimum applied stress F . Therefore, the minimum applied fracture stress F must correspond to the measured tensile fracture angle T , as marked in Fig. 10 . For the present metallic glass, F ‫ס‬ 1.58 GPa, T ‫ס‬ 54°, the three constants 0 , 0 , and can be calculated from Eqs. (4) represents the critical resistance to shear fracture. As illustrated in Fig. 11 and Eq. (2), it is clear that with increasing applied tensile stress , the resolved shear stress increases linearly. However, the critical shear fracture stress c ‫ס‬ ( 0 − ) decreases gradually. When reaches the critical value of c , the critical fracture condition will be satisfied. This will correspond to the tensile fracture stress F , as marked in Fig. 11 . Meanwhile, the normal stress increases rapidly with increasing shear angle , as illustrated in Fig. 10 , whereas, the shear stress decreases slowly at ജ 45°. Through a combined effect of the normal and shear stresses, the fracture of metallic glasses often occurs along a favorable shear angle t ജ 45°so as to approach the minimum critical value.
B. Fatigue fracture mechanism of metallic glasses
From the present observations of a fatigued Zr 59 Cu 20 Al 10 Ni 8 Ti 3 metallic glass, it can be concluded that its fatigue damage processes should include the following steps. First, shear bands form in the beginning of the fatigue damage process. The presence of a shear band in the glass reduces its strength by providing a site for further plastic flow. Under tensile deformation condition, metallic glasses usually develop a single shear band and fail by shear rupture through this band without measurable macroscopic plastic strain. 10 Under cyclic tensiontension loading, the applied maximum stress max is obviously lower than the fracture strength F of metallic glasses, for example, max ‫ס‬ (0.5 − 0.8) F in the present tests. At this low stress level, however, shear bands were also observed at local sites, as seen in Fig. 6(b) . This result indicates that the formation of shear bands can occur at a stress level far below the fracture strength. Similarly, in a Zr 57 Cu 20 Al 10 Ni 8 Ti 5 metallic glass subjected to a three-point bend test, shear bands can form at a stress of about 80% (107N/136N) of the maximum stress. 50 In the present fatigue test, it is noted that the shear bands did not propagate through the whole section of the specimen but only distribute some local sites. This means that a stress concentration might exist, which results in the favorable nucleation of shear bands on the specimen surface, as illustrated in Fig. 12(a) .
With further cyclic deformation, the fatigue crack can originate from the local shear bands, as shown in Fig. 6(c) . This is similar to the PSB cracking mechanism in single crystals. [38] [39] [40] As is well known, the PSB cracking mechanism can be explained by the surface roughness induced by the irreversibility of PSBs. 38, 39 However, as shown in Fig. 6(c) , there is no such surface roughness near the shear bands on the specimen surface of the glass (as indicated by arrows). Therefore, the nucleation of a fatigue crack along the shear bands must be explained by another mechanism. Spaepen 6 proposed that within a narrow shear band there exists an excess free volume due to shear-induced disordering and diffusion controlled reordering. Therefore, the free volume usually refers to the fraction of matter having a lower atomic coordination than that in a reference material having dense random packing. Accordingly, the free volume region is mechanically weak relative to the surrounding volume. 7 Since a shear band is a relatively weak region in metallic glass, it can be regarded as the potential site for the nucleation of a fatigue crack. Under cyclic tensiontension loading, the gradual weakening, dilation, tearing, and the final opening of the shear band will result in the formation of a fatigue crack, as observed in Fig. 6 (c) and illustrated in Fig. 12(b) . Therefore, the nucleation of fatigue crack can be attributed to the weak nature within a shear band, which is independent of the surface roughness.
During cyclic deformation of metallic glass, there might be simultaneously several fatigue cracks along the shear bands. However, the cyclic stress might be only favorable for the propagation of a fatigue crack along one or two shear bands. In the end, the fatigue crack always propagates along the plane basically perpendicular to the loading direction, as demonstrated as in Fig. 12(c) . Along the propagation path of the fatigue crack, however, there is no veinlike structure as observed in Figs. 6(d) and 6(e). This demonstrates that the melting phenomenon of metallic glass did not occur in the tip of the fatigue crack during the stable propagation stage. In turn, it means that the released elastic energy due to crack propagation is too low to melt the metallic glass locally. This result is consistent with observations reported in Refs. 30-33. Flores and Dauskardt have measured and predicted the temperature increase in the tip of a crack. 32 They found that in a Zr 41.25 Ti 13.75 Ni 10 Cu 12.5 Be 22.5 metallic glass the temperature increases only about 56.5 K, which provides indirect evidence for the fatigue fractography without the veinlike structure. However, in the final fast fracture region, the veinlike structure appears again and the fracture follows a shear mode, indicating that the fracture mechanism of the final region is identical with the tensile fracture.
V. CONCLUSIONS
Under tensile loading, Zr 59 Cu 20 Al 10 Ni 8 Ti 3 metallic glass displays a brittle shear fracture mode with a high fracture stress of 1.58 GPa, which is independent of the applied strain rate (3 × 10 −5 to 3 × 10 −2 s −1 ). Its fracture does not obey the von Mises criterion since the fracture angle T ‫)°45ס(‬ obviously deviates from the maximum shear stress plane (45°). On the fracture surface, there are many cores coexisting with a veinlike structure. Accordingly, the fracture first originates from the cores induced by the normal tension stress, then rapidly fracture in a pure shear mode. Based on these results, a new tensile fracture criterion for metallic glasses is developed by taking both the normal and shear stresses into account. Two critical fracture stresses, i.e., 0 and 0 , were proposed, and the tensile fracture angle T strongly depends on the ratio ‫ס‬ 0 / 0 . It is suggested that the deviation of the tensile fracture angle T away from 45°can be attributed to a combined effect of the normal and shear stresses on the fracture plane.
Under cyclic tension-tension loading, shear bands form at a stress level far below the tensile fracture stress. The fatigue crack first initiates along the shear bands on the surface, then propagates along a plane basically perpendicular to the loading direction. The fracture surface can be divided into two regions, i.e., propagation region and final fast fracture region. The fracture mechanisms between the two regions are quite different. In the crack propagation region, there are many striationlike bands, which are induced by the gradual propagation of the fatigue crack. However, no veinlike fracture features were observed. In the final fast fracture region, the fracture feature mainly consists of a veinlike structure, which is identical to that observed under tensile fracture.
